Proximity effect in e-beam lithography is mainly due to the "nonideal" distribution of exposure ͑energy deposited in the resist͒. The proximity effect correction schemes developed so far employ a two-dimensional ͑2D͒ model, i.e., exposure variation along the resist depth dimension is not considered. The exposure distribution estimated by the 2D model can be significantly different from the actual exposure distribution, especially for the nanoscale patterns. In this article, a three-dimensional ͑3D͒ correction method which uses a 3D point spread function in controlling e-beam dose distribution within each circuit feature in order to achieve a certain desired 3D remaining resist profile after development is described. The dose to be given to each region of a feature is determined based on the estimated remaining resist profile ͑with the emphasis on the sidewall shape͒ through iterations. Simulation results demonstrating the potential improvements by the 3D correction are provided.
I. INTRODUCTION
Proximity effect in e-beam lithography is mainly due to the "nonideal" distribution of exposure ͑energy deposited in the resist͒. There have been extensive research efforts to develop proximity effect correction methods. [1] [2] [3] [4] [5] [6] While the resist is inherently three-dimensional ͑3D͒, the proximity effect correction schemes developed so far employ a twodimensional ͑2D͒ model, i.e., exposure variation along the resist depth dimension is not considered. In other words, a 3D point spread function ͑PSF͒, which describes the energy deposition profile throughout the resist when a point is exposed, is not directly used in correction but usually averaged along the depth dimension to obtain a 2D PSF. Note that the 2D model is equivalent to a 3D model where all isoexposure contours ͑surfaces͒ are completely vertical to the X-Y plane. As previously analyzed through simulation, 7 the exposure distribution estimated by the 2D model can be significantly different from the actual exposure distribution, especially for the nanoscale patterns or structures. Accordingly, proximity effect correction based on the 2D model would not lead to the optimal result.
Another shortcoming of the conventional e-beam proximity effect correction schemes is that they consider exposure distribution only. However, the resist developing rate is not linearly proportional to exposure. Also, not all points in the resist are exposed to the developer at the same time, i.e., the developing process is sequential from the top surface of the resist toward the bottom. Therefore, the remaining resist profile after development can be significantly different from an isoexposure contour.
The main objective of this study is to investigate if and how a specified remaining resist profile can be achieved by controlling dose distribution within each circuit feature. This is to be distinguished from the conventional approaches where multiple layers of different resists, e.g., a bilayer resist system, are employed in order to achieve certain types of sidewalls. That is, the goal is to realize a desired ͑target͒ sidewall on a homogeneous resist system by dose modulation only. In this article, a method which uses a 3D PSF in controlling e-beam dose in order to achieve a target remaining resist profile is described, and the simulation results from the proof-of-concept implementation of the method are presented. To the authors' knowledge, this is the very first attempt to develop a true 3D e-beam proximity effect correction scheme which utilizes 3D PSF's, while there were efforts to analyze 3D resist profiles. 8 The dose to be given to each region of a feature is determined such that the 3D remaining resist profile is as close to the target profile as possible. Through iterations, the dose distribution within each feature is adjusted so that the difference between the target and estimated profiles is minimized.
II. 3D MODELS
Conventional proximity effect correction schemes employ a 2D correction model where variation of exposure distribution along the resist depth dimension is not considered. In order to develop a true 3D correction scheme, 3D models for exposure and resist development are employed. Such 3D models allow the correction scheme to have a better control of the critical dimension ͑CD͒ and sidewall shape of each feature.
A. Exposure model
The substrate system consists of a substrate and a certain type of resist as illustrated in Fig. 1 . It is assumed that the substrate and resist are spatially homogeneous, i.e., the substrate composition and the resist thickness do not change with location. A 3D point spread function is denoted by PSF͑x , y , z͒ which describes the exposure distribution in the resist when a point on the X-Y plane is exposed. The resist depth is along the Z axis. Let f͑x , y ,0͒ represent the dose to be given to each point ͑x , y ,0͒ on the resist surface for writing a circuit pattern. For example, when each circuit feature is exposed with a constant dose D, then f͑x , y ,0͒ = D if ͑x , y ,0͒ is within a feature ͓f͑x , y ,0͒ = 0 otherwise͔. Let us denote the exposure distribution in the resist by e͑x , y , z͒. Assuming that the e-beam lithographic process is linear and space invariant, e͑x , y , z͒ can be expressed by the following convolution:
From this equation, it is seen that the exposure distribution at a certain depth ͑z 0 ͒ can be computed by the 2D convolution between f͑x , y ,0͒ and PSF͑x , y , z 0 ͒ in the corresponding plane or layer, z = z 0 . Modeling a homogeneous resist system as a stack of conceptual layers, e͑x , y , z͒ may be estimated layer by layer. In general, e͑x , y , z͒ e͑x , y , zЈ͒ where z zЈ. In Fig. 2 , exposure distributions estimated by the 2D and 3D models are compared. It is clearly seen that exposure varies greatly along the resist depth dimension.
B. Development model
While the 3D exposure model provides complete information on how electron energy is distributed in the resist, it does not directly depict the remaining resist profile after development. In order to make correction results more realistic, one may take the resist development process into account for correction. Given a spatial exposure distribution in the resist, the remaining resist profile after development can be estimated through computer simulation. Then, the estimated profile is referred to in determining dose distribution.
In this study, a simplified version of the resist development model ͑"cell removal model"͒, PEACE,
8 is employed to demonstrate the effectiveness of the proposed approach to 3D correction. Only the cross sections of long features such as lines are considered since the main focus of this study is on controlling CD and sidewall shape. In the model, resist is partitioned into rectangular cells and exposure is estimated at each cell. The developing rate of each cell is computed from its exposure. 9 Through iterations, the remaining time for complete development of each of the exposed cells is updated, taking the number of its exposed sides into account. Simulation continues for a specified developing time, and then the remaining resist profile is obtained.
In Fig. 3 , the remaining resist profile is plotted with the developing time varied for the exposure distribution in Fig.  2 . It is observed that no remaining resist profile matches any isoexposure contour. That is, in order to minimize the real CD error, the remaining resist profile is to be used in correction instead of exposure distribution itself. 
III. 2D CORRECTION
The proximity effect correction schemes developed so far employ a 2D PSF, PSF͑x , y͒, to estimate the 2D exposure distribution, e͑x , y͒, in the resist. That is,
During correction, the dose distribution, f͑x , y͒, is determined such that e͑x , y͒ is as high as possible ͑or at least well above the developing threshold͒ within features and is as low as possible outside them. More specifically, in PYRAMID, each circuit feature is partitioned into regions and a set of critical points is set up along the boundaries of each circuit feature. The dose to be given to each region is determined based on the exposure estimate at the corresponding critical point through iterations. Note that the exposure estimated at each critical point is the one averaged along the resist depth dimension.
IV. 3D CORRECTION
In 3D correction, the 3D exposure distribution in the resist, e͑x , y , z͒, is referred to, as discussed in Sec. II A. The main idea of 3D correction is to control e͑x , y , z͒ such that the target remaining resist profile is obtained. If a feature is exposed with a single dose, controllability is limited. Note that changing the single dose merely scales up or down e͑x , y , z͒ with the spatial distribution of isoexposure contours fixed. Therefore, it is necessary to partition each feature so that dose can be varied within the feature in order to have a better control of e͑x , y , z͒. In this section, two proof-ofconcept implementations of 3D correction are described, i.e., isoexposure correction and resist profile correction. The overall 3D correction procedure is built upon the correction hierarchy of PYRAMID. FIG. 6. Remaining resist profiles ͑vertical sidewalls͒ for linewidth of 40 nm ͑500 nm PMMA on Si, 50 keV͒, ͑a͒ 2D correction, ͑b͒ 3D isoexposure correction, and ͑c͒ 3D resist profile correction, and linewidth of 100 nm ͑1000 nm PMMA on Si, 50 keV͒, ͑d͒ 2D correction, ͑e͒ 3D isoexposure correction, and ͑f͒ 3D resist profile correction.
A. Isoexposure contour correction
In this correction, the exposure model described in Sec. II A is employed as in most of the proximity effect correction schemes developed so far. The goal of this correction scheme is to match an isoexposure contour to the shape of the sidewall that needs to be achieved. Let us consider a single line feature which is long enough for exposure variation along the length dimension to be negligible. A set of critical points is set up along the target sidewalls of the cross section as illustrated in Fig. 4 . The line feature is partitioned into regions ͑along the length dimension͒, for each of which a dose is to be determined. Exposure at each critical point is estimated using the PSF at the corresponding layer. In determining the dose of each region, a set of critical points, one from each layer, is considered. Let d i be the dose required for the region in order to achieve the target exposure ͑e.g., developing threshold͒ at the critical point in the ith layer. In general, d i d j for i j. Therefore, the dose for the region may be set to a certain combination of ͕d i ͖, e.g., ͚w i d i where ͚w i = 1, or more generally a value which minimizes a cost FIG. 7 . Dose factor distribution obtained by ͑a͒ 2D correction, ͑b͒ 3D isoexposure correction, and ͑c͒ 3D resist profile correction for linewidth of 40 nm ͑ 500 nm PMMA on Si, 50 keV͒ in Fig. 6 . The pixel size ͑interval͒ is 5 nm.
FIG. 8.
Remaining resist profiles ͑overcut͒ for linewidth of 100 nm ͑100 nm PMMA on Si, 50 keV͒, ͑a͒ 2D correction, ͑b͒ 3D isoexposure correction, and ͑c͒ 3D resist profile correction, and linewidth of 100 nm ͑500 nm PMMA on Si, 50 keV͒, ͑d͒ 2D correction, ͑e͒ 3D isoexposure correction, and ͑f͒ 3D resist profile correction. function of deviations from the target exposure at the critical points. Doses of all regions are adjusted through iterations such that the deviations of exposures at the critical points from the target exposure are minimized.
B. Resist profile correction
The main problem with the isoexposure correction is that a remaining resist profile does not correspond to any single isoexposure ͑refer to Sec. II B͒. Therefore, even if a dose distribution which results in an isoexposure contour matching a target remaining resist profile is found, the target remaining resist profile is unlikely to be obtained after development. In order to make correction results more realistic, the development model described in Sec. II B is employed instead of the exposure model. That is, the estimated remaining resist profile rather than an isoexposure contour is used as a reference for optimization during correction.
Again, consider a long line feature. Exposure, e͑x , z͒, in the cross section of the line is estimated, from which the resist developing rate, r͑x , z͒, is computed. Using the resist development model described in Sec. II B, the remaining resist profile is predicted through simulation. The CD error on each layer ͑rx i − px i in Fig. 5͒ is computed, and a cost function is derived as a certain combination of the CD errors. Then, the dose of each region is determined such that the cost function is minimized. Doses of all regions are adjusted through iterations until a termination condition is met.
V. SIMULATION RESULTS AND DISCUSSION
In order to demonstrate the improved control of sidewall shape by 3D correction, an extensive simulation has been carried out by implementing a proof-of-concept design of the proposed true 3D correction scheme. The two versions of 3D correction described in Sec. IV have been implemented, which are compared to the 2D correction ͑refer to Sec. III͒. In Fig. 6 , some of the simulation results for vertical sidewall are provided, where the remaining resist profiles of a single line are compared. It is clearly seen that the resist profiles achieved by the 3D resist profile correction are significantly better than those by the 2D or 3D isoexposure correction. The CD errors for the 3D resist profile correction are much smaller than those for the 2D correction. It is also observed that a thicker resist leads to larger CD errors as expected since exposure variation along the resist depth dimension is larger. In Fig. 7 , the dose factors ͑dose normalized by the base dose͒ distribution obtained by the three correction schemes are shown, which result in the remaining resist profiles in Figs. 6͑a͒-6͑c͒ . It is noted that the dose distribution by the resist profile correction is significantly different from those by the other two corrections.
In Fig. 8 , two sets of the remaining resist profiles are provided. In each set, a certain overcut sidewall, indicated by the dashed lines, was to be obtained. In the 2D correction results, it can be seen that the CD specification is well matched at the top and bottom layers, but there are signifi- FIG. 9 . Remaining resist profiles ͑undercut͒ for linewidth of 40 nm ͑100 nm PMMA on Si, 50 keV͒, ͑a͒ 2D correction, ͑b͒ 3D isoexposure correction, and ͑c͒ 3D resist profile correction, and linewidth of 100 nm ͑500 nm PMMA on Si, 20 keV͒, ͑d͒ 2D correction, ͑e͒ 3D isoexposure correction, and ͑f͒ 3D resist profile correction.
cant CD errors in most of the layers between them. No significant improvement has been achieved by the 3D isoexposure correction. However, the remaining resist profiles obtained by the 3D resist profile correction are much closer to the target profiles.
In Fig. 9 , simulation results for undercuts are presented. The target undercut profiles are indicated by the dashed lines. In these results, the improvement by the 3D resist profile correction is not so significant as in the other two types of sidewalls. Note that the 2D results do not have large CD errors. Nevertheless, one can notice a substantial difference between the target and actual profiles in the middle layers in the cases of the 2D and 3D isoexposure correction results while there is no such difference in the 3D resist profile correction results.
In Fig. 10 , the remaining resist profiles of a three-line pattern corrected for 1000 nm polymethyl methacrylate ͑PMMA͒ on Si ͑50 keV͒ are shown, where vertical sidewalls are to be achieved. The linewidth is 50 nm and the space between lines is 40 nm. The 2D correction result shows a significant interproximity effect in the middle layers where the lines are almost merged. However, the result by the 3D resist profile correction exhibits substantially less interproximity effect, and the sidewalls are more vertical than those obtained by the 2D and 3D isoexposure corrections. Controlling sidewall shape can also help improve resolution or feature density especially in the case of vertical sidewall. Note that features can be placed closer to each other when sidewalls are more vertical.
VI. SUMMARY
The proximity effect correction schemes developed so far employ a 2D PSF, i.e., no consideration of exposure variation along the resist depth dimension. However, it is often desirable or necessary to have an explicit control of 3D exposure distribution in the resist in order to achieve high dimensional accuracy of the developed features. This is particularly so when the degree of 3D proximity effect 7 is high. In this article, an approach to true 3D proximity effect correction and its proof-of-concept implementation are described. Instead of exposure itself, the 3D remaining resist profile is used as a reference for optimization during correction. Dose to be given to each region is determined iteratively such that deviation from the target remaining resist profile is minimized. While the potential benefit of the proposed 3D proximity effect correction in minimizing CD errors and controlling sidewall shape has been demonstrated through simulation, generalization of the implementation and improvement of the optimization procedure are ongoing efforts. Note that what is proposed in this article is an attempt to control 3D exposure distribution in the resist by 2D dose distribution on the top of the resist. Therefore, controllability of the 3D distribution of exposure is limited, hence making the proposed 3D correction challenging. Also, one practical drawback of the current implementation is its increased computation time ͑in the order of 10-100 times longer͒ mainly due to the resist development simulation and, therefore, a fast yet accurate method for the simulation will need to be developed in order to make this true 3D correction applicable to circuit patterns of realistic size.
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